؉ T cells are important for clearance of infectious herpes simplex virus (HSV) from sensory ganglia. In this study, evidence of CD4 ؉ T-cell-mediated clearance of infectious HSV type 1 (HSV-1) from neural tissues was also detected. In immunocompetent mice, HSV-specific CD4 ؉ T cells were present in sensory ganglia and spinal cords coincident with HSV-1 clearance from these sites and remained detectable at least 8 months postinfection. Neural CD4 ؉ T cells isolated at the peak of neural infection secreted gamma interferon, tumor necrosis factor alpha, interleukin-2 (IL-2), or IL-4 after stimulation with HSV antigen. HSV-1 titers in neural tissues were greatly reduced over time in CD8
Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) are significant human pathogens. An estimated 80% of people are infected with at least one strain (10) . It is estimated that 20 to 40% of people in the United States suffer herpetic orolabial lesions due to HSV-1 though the estimated number of those infected ranges from 50 to 80% (9) . While seroprevalence of HSV-1 in the United States appears to be declining, the actual number of genital herpes cases attributed to HSV-1 is on the rise (50, 67) . Several reports note an increase in the number of genital herpes cases caused by HSV-1, a phenomenon seen in developed nations including the United States (34, 46, 52, 64, 67) . Although HSV-2 is typically thought of as the virus responsible for causing genital lesions, the current trend in the United States, especially among adolescents, finds HSV-1 as the most common cause of newly diagnosed genital HSV infections (50) . Like HSV-2, HSV-1 has been shown to infrequently result in encephalitis and devastating neural damage (10, 23, 24, 56) .
HSV initially infects and undergoes acute replication in epithelial cells and invades local nerve termini (24) . The virus travels via retrograde axonal transport and gains access to neuronal cell bodies within the sensory ganglia, thus establishing a lifelong, persistent infection (3, 10, 19, 23, 24, 58) . Reactivation from latency can occur during times of emotional or physical stress and can cause recurrent disease (3, 24) . During periods of reactivation, the virus is shed from the infected host, sometimes in the absence of clinical symptoms, and thus may have an increased chance of infecting additional susceptible hosts (20, 24) .
Candidate vaccines against HSV provided, at best, partial protection in HSV-seronegative women (5, 6, 57) . In designing an effective vaccine against HSV, it may be important to examine and consider the various responses of the immune system to natural infection. An effective vaccine against HSV will most likely need to elicit immune responses at both the epithelial and neural sites of infection, as well as from several immune cell types; these are key events that studies of the immune responses to natural infection with HSV may help elucidate.
Cell-mediated immunity has proven important for controlling HSV infection. Both HSV-specific CD4 ϩ and CD8 ϩ T cells have been isolated from the lesions of human patients, and these cells are important for the clearance of virus from the genital epithelium (26, 27, 28) . In a murine model of genital HSV-1 infection, it was previously shown that CD4 ϩ T cells are critically important in the prevention of disease (29) . In contrast, it has been suggested that CD8 ϩ T cells are predominantly responsible for clearance of infectious HSV-1 from nervous system tissues during a primary HSV infection (54) .
In the present study the role of CD4 ϩ T cells at neural sites of infection was examined. In mice inoculated intravaginally (i.vag.) with HSV-1, CD4 ϩ T cells infiltrated the spinal cords and dorsal root ganglia, where they accumulated and persisted.
By inoculating mice in which CD8
ϩ T cells were either depleted or genetically absent, we were able to show that CD4 ϩ T cells were sufficient for clearance of HSV-1 from both genital and neural sites after primary infection. Further, by utilizing adoptive transfer models, our data demonstrate that perforin and Fas/FasL were not absolute requirements for the clearance of infectious virus from neural sites. Our results challenge current thinking about clearance of infectious HSV from sensory ganglia and support an important role for CD4 ϩ T cells, in addition to CD8 ϩ T cells, in controlling neural HSV infection.
MATERIALS AND METHODS
Virus. HSV-1 strain SC16 was obtained from Lawrence Stanberry (Columbia University, New York, NY). Virus stocks were prepared by infection of Vero cell monolayers at a multiplicity of infection of 0.01, as previously described (40, 41) . The virus was released from the Vero cells by three freeze-thaw cycles (40, 41) . Cell debris was removed by centrifugation, and virus stocks were stored at Ϫ80°C (40, 41) .
Mice. C57BL/6J (B6), CD8
(hereafter, Pfp
), C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II), B6Smn.C3H-Fasl gld (B6-gld), and B6.MRL-Fas lpr (B6-lpr) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed under specific-pathogen-free conditions at the University of Texas Medical Branch at an animal facility approved by the American Association of Laboratory Animal Care. Experiments were conducted with Institutional Animal Care and Use Committee approval.
Virus inoculation and titration. Mice were inoculated i.vag. as described previously (39) . Briefly, prior to inoculation, mice were treated with 2 mg of medroxyprogesterone acetate (Depo-Provera) subcutaneously. Hormonal pretreatment was necessary to induce susceptibility of mice to genital HSV-1 inoculation (38, 40) , which may reflect thinning of the genital epithelium (22) or induction of the HSV entry receptor, nectin-1, on vaginal epithelial cells (31) . Clearance of infectious virus from spinal cords and dorsal root ganglia and spread to hindbrains were determined by quantification of virus by standard plaque assay, as previously described (40) . Briefly, groups of five HSV-1-infected B6 mice were euthanized, and the lumbosacral region of the dorsal root ganglia and the adjacent areas of the spinal cord, as well as hindbrains (including cerebellum, medulla oblongata, and brain stem), were harvested, weighed, and frozen in 1 ml of medium (medium 199 [Gibco], 2% newborn calf serum, 2% penicillin-streptomycin, 2% amphotericin). Tissues were later thawed, homogenized, clarified by centrifugation, and titrated on monolayers of Vero cells. Though PCR has proven highly sensitive for detection of HSV, the current study focused on infectious virus within the spinal cord and sensory ganglia, and therefore the previously established (though less sensitive) method of titration on Vero cell monolayers was employed (15) .
Enrichment of CD4
؉ and CD8 ؉ T cells from neural tissues. Mice were sacrificed on day 9 after i.vag. inoculation with 10 5 PFU of HSV-1 strain SC16. Lymphocytes were isolated from pooled spinal cords or dorsal root ganglia by a modification of a method previously described by Marracci et al. (37) . Briefly, tissues were pushed through mesh screens and stirred for 30 min in calcium-and magnesium-free phosphate-buffered saline (Invitrogen Corp., Grand Island, NY) at ambient temperature. Samples were then resuspended in a 30% Percoll (Sigma-Aldrich, St. Louis, MO) solution, layered over a 70% Percoll cushion, and centrifuged at 500 ϫ g for 20 min at ambient temperature. After centrifugation, the upper layer containing dispersed neural tissue was removed and again spun over a 70% Percoll cushion. Lymphocytes from the Percoll interface of both preparations were then combined.
Flow cytometry. Lymphocytes were stained with fluorochrome-labeled antibodies against CD4, CD8, CD25, CD44, or CD69 (Pharmingen, San Diego, CA). Data were acquired on a Becton Dickinson FACSCanto instrument (BD Biosciences, San Diego, CA) at the University of Texas Medical Branch Flow Cytometry Core Facility and analyzed with FlowJo software (Treestar, Inc., Ashland, OR). The number of activated CD4 ϩ T cells in uninfected or HSV-1-infected iliac lymph node, spinal cord, and dorsal root ganglia was determined using FlowJo software and is presented as the number of double-positive cells per 10 6 total isolated cells.
Depletion of CD8
؉ T cells in vivo. Mice received 1 mg of anti-CD8 (2.43) antibody intraperitoneally on the 2 days prior to infection. Following i.vag. inoculation with 10 6 PFU of HSV-1 SC16, mice also received 0.5 mg of anti-CD8 antibody i.p. every other day throughout the study. Depletion was assessed by flow cytometry and was typically greater than 98%.
ELISPOT analysis. Enzyme-linked immunospot (ELISPOT) analysis was performed similarly to the procedure described by Milligan et al. (41) . B6 mice were infected vaginally with 10 5 PFU of HSV-1 SC16. Lymphocytes were isolated from iliac lymph nodes, spinal cords, and dorsal root ganglia on days 6, 8, 11, and 14 days postinfection and, for a composite extended time point, at 42, 69, and 168 days postinfection. Iliac lymph nodes were pooled from five animals, and a single-cell suspension was created by pushing the tissues through a mesh screen. Spinal cords and dorsal root ganglia were pooled from five animals and processed as described above. Lymphocytes from all tissues were incubated in anti-gamma interferon (IFN-␥), anti-tumor necrosis factor alpha (TNF-␣), antiinterleukin-2 (IL-2), anti-IL-4, or anti-IL-17 antibody-coated ELISPOT plates with 5 ϫ 10 5 mitomycin C (Sigma-Aldrich)-treated feeder cells per well, with and without UV-killed HSV-1 antigen (41). Plates were incubated for 40 h and developed as previously described by the sequential addition of biotinylated anti-IFN-␥, anti-TNF-␣, anti-IL-2, anti-IL-4, or anti-IL-17 (Pharmingen) antibody; avidin-peroxidase (Sigma-Aldrich); and 3-amino-9-ethyl-carbazole plus sodium acetate (13 ) and mice that expressed both perforin and Fas but were unable to mount a specific response to infection with HSV-1 (OT-II). Mice were allowed to rest for 7 days, during which time they received one 0.5-mg dose of anti-CD8 antibody to ensure depletion of CD8 ϩ T cells. Mice were then inoculated vaginally with 5 ϫ 10 3 PFU of HSV-1 SC16. Statistical analysis. HSV-1 titers were analyzed by a Mann-Whitney U-test or by one-way analysis of variance with the Bonferoni correction for multiple groups, as appropriate. Analyses were performed using GraphPad Prism, version 4.0, software (San Diego, CA). P values of less than 0.05 were considered statistically significant.
RESULTS
HSV-1 clearance from genital tract, dorsal root ganglia, and spinal cords. In animal models, cell-mediated immunity has proven important for controlling HSV infection. To examine the kinetics of clearance of HSV-1 from neural tissues, groups of B6 mice were inoculated i.vag. with HSV-1, and infectious virus in the dorsal root ganglia and spinal cords was quantified. Figure 1 demonstrates a typical pattern of clearance of infectious HSV-1 from neural tissues. In the dorsal root ganglia, the mean virus titer declined greatly on days 8 and 10 postinoculation ( Fig. 1) . Further, the incidence of samples with infectious virus declined over the course of the experiments from seven of eight animals on day 6 to four of eight animals on day 8 and two of eight animals on day 10 postinoculation, demonstrating a trend toward clearance of infectious HSV-1 from FIG. 1. HSV-1 clearance from dorsal root ganglia and spinal cord. B6 mice were inoculated i.vag. with HSV-1. Dorsal root ganglia and spinal cords were harvested on the indicated days for quantification of virus as described in Materials and Methods. The decrease in the amount of infectious virus present over the course of the experiment was significant in both dorsal root ganglia (P ϭ 0.0148 from day 6 to day 8 and P ϭ 0.0070 from day 6 to day 10) and spinal cord (P ϭ 0.0312 from day 6 to day 8 and P ϭ 0.0148 from day 6 to day 10). Horizontal lines represent mean virus titers.
dorsal root ganglia. The clearance pattern in spinal cords was even more dramatic. Virus titers greatly decreased between days 6 and 8 and were below the limit of detection by day 10 postinoculation. Further, while six of eight animals contained infectious virus in the spinal cord on day 6 postinoculation, the incidence of samples containing infectious virus decreased to one of eight animals by day 8 and zero of eight animals by day 10 ( Fig. 1) . CD4 ؉ and CD8 ؉ T cells are present in the HSV-1-infected spinal cord and dorsal root ganglia. Both HSV-specific CD4 ϩ and CD8 ϩ T cells have been shown to be important for the clearance of HSV-1 and HSV-2 from the genital epithelium (29, 40, 47) , and an important role for CD8 ϩ T cells in the protection of nervous system tissues during a primary HSV infection has been suggested (54) . To examine the role of T cells in protection of neurons in mice inoculated i.vag. with HSV-1, the presence of CD4 ϩ and CD8 ϩ T-cell subpopulations in neural tissues during the course of HSV-1 infection was assessed. Few CD4 ϩ or CD8 ϩ T cells were detected in the dorsal root ganglia and spinal cords of uninfected mice ( Fig These findings were extended by examining the kinetics of cellular infiltration into draining lymph nodes and infected tissues. The number of CD4 ϩ T cells from iliac lymph nodes, spinal cords, and dorsal root ganglia expressing the activation marker CD25, CD44, or CD69 increased following i.vag. HSV-1 inoculation and generally peaked around day 6 or 8 postinfection (Fig. 3) . Importantly, the peak of the activated
FIG. 2. Presence of CD4
ϩ T cells and CD8 ϩ T cells in HSV-1-infected spinal cords and dorsal root ganglia. B6 mice were infected with HSV-1; these mice and uninfected controls were sacrificed on day 8, and lymphocytes were isolated from pooled spinal cords or pooled dorsal root ganglia and stained with fluorochrome-labeled antibodies against CD4 and CD8. 
CD4
ϩ T-cell response correlated with the period of rapid clearance of infectious virus in immunocompetent mice, occurring around day 8 postinoculation (Fig. 1) .
HSV-specific effector CD4 ؉ T cells are present in neural tissues during resolution of acute HSV-1 infection. Because CD4 ϩ T cells expressing activation markers indicative of recent antigen exposure infiltrated the spinal cord and dorsal root ganglia of HSV-1-infected mice, the antigen specificity of the CD4 ϩ T cells present at these sites was tested. B6 mice were inoculated i.vag. with HSV-1 and sacrificed, and iliac lymph nodes, spinal cords, and dorsal root ganglia were harvested on various days postinoculation. Lymphocytes were isolated and cultured in the presence and absence of UV-killed HSV-1 antigen. The frequency of HSV-specific (IFN-␥-producing) CD4 ϩ T cells in iliac lymph nodes, spinal cords, and dorsal root ganglia of HSV-infected mice are provided in Fig.  4 . In all tissues tested, the number of HSV-specific CD4 ϩ T cells peaked around day 6 or 8 postinfection, followed by a gradual decline at each location examined. Importantly, these HSV-specific CD4 ϩ T cells persisted in the secondary lymphoid and neural tissues tested and were detectable through at least 8 months postinfection.
These results were extended by further defining the cytokines secreted by HSV-specific CD4 ϩ T cells in iliac lymph nodes, spinal cord, and dorsal root ganglia. The number of local HSV-specific CD4 ϩ T cells that produced IFN-␥, TNF-␣, IL-2, IL-4, or IL-17 was quantified by ELISPOT analysis on day 8 after i.vag. inoculation with HSV-1. This time point corresponds to the peak of HSV-specific CD4 ϩ T-cell infiltration, as well as with rapid clearance of infectious virus ( Fig. 1  and 2 ). HSV-specific CD4 ϩ T cells producing IFN-␥, TNF-␣, IL-2, or IL-4 were detected in these tissues on day 8 postinoculation (Fig. 4D) . HSV-specific CD4 ϩ T cells producing IL-17 were detected in the iliac lymph nodes but not in the spinal cords or dorsal root ganglia of HSV-1-inoculated mice (Fig. 4D) . The frequency of IL-4-producing HSV-specific CD4 ϩ T cells was highest in the spinal cords (Fig. 4D) . As effector CD4 ϩ T cells have been shown to express cytolytic activity (40, 45, 68) during viral infections, including HSV infections, neural CD4 ϩ T cells in the present study were examined for granzyme B on day 7 postinoculation with HSV-1. Figure 5 demonstrates that CD4 ϩ T cells isolated from the spinal cords and dorsal root ganglia of HSV-1-infected B6 mice expressed granzyme B. In experiments of identical design, detection of FasL on the surface of neural CD4 ϩ T cells was not consistent (data not shown).
Clearance of acute HSV-1 from genital and neural sites in the absence of CD8 ؉ T cells. HSV-specific CD4 ϩ T cells infiltrating the spinal cords and sensory ganglia of HSV-1-infected animals were hypothesized to be important for clearance of infectious virus from these sites. To test the ability of CD4 ϩ T cells to clear virus, mice from which CD8 ϩ T cells were either depleted or genetically absent (CD8 Ϫ/Ϫ ) were inoculated i.vag. with HSV-1. Wild-type B6 mice cleared infectious virus from (Fig. 6A) . Both CD8-depleted and CD8 Ϫ/Ϫ animals cleared virus from the genital tract by day 7 postinfection. This 1-day difference in clearance was not statistically significant and may reflect animal-to-animal variability rather than a true biological difference. The amount of infectious virus in the spinal cords and dorsal root ganglia of wild-type B6 mice decreased from day 7 to day 9 postinfection, and the incidence of spinal cords and dorsal root ganglia samples containing infectious HSV-1 also declined over this time from eight of eight mice on day 5 to one of eight by day 9 postinfection (Fig. 6B and C) . While both CD8-depleted and CD8 Ϫ/Ϫ mice had higher virus titers in neural tissues on days 7 and 9 than the wild-type B6 mice, these animals also showed a trend toward clearance of infectious virus from both the spinal cord and dorsal root ganglia ( Fig. 6B  and C) . The CD8-depleted animals had a similar pattern of virus clearance from the neural tissues, with six of eight animals having infectious virus in the spinal cord and seven of eight having infectious virus in the dorsal root ganglia on day 5. This was reduced to one of eight (spinal cord) and zero of eight (dorsal root ganglia) animals by day 9 postinfection (Fig.  6 ). All (eight of eight) CD8 Ϫ/Ϫ animals were found to have infectious HSV-1 in both the spinal cord and dorsal root ganglia on day 5, which was reduced to one of eight (spinal cord) and four of eight (dorsal root ganglia) animals by day 9 postinfection (Fig. 6) . CD4 ؉ T-cell clearance of acute HSV from neural tissues does not require a lytic mechanism. Two approaches were used to test the involvement of cytolytic mechanisms in HSV-1 clearance, including the use of perforin-deficient or FasL-defective mice and the construction of short-term perforin/Fas radiation chimeras. The possible role for perforin in the CD4 ϩ T-cell-mediated clearance of infectious HSV-1 was examined by comparison of mean virus titers in the genital tracts, dorsal root ganglia, spinal cords, and hindbrains of intact B6 mice, CD8-depleted B6, and CD8-depleted Pfp Ϫ/Ϫ mice. In the genital tract, infectious virus was not detected on day 6 in B6 mice (Fig. 7A ). Virus titers significantly higher than those in B6 controls were detected on days 4 and 6 in CD8-depleted mice and on day 6 in CD8-depleted Pfp Ϫ/Ϫ mice. Virus clearance rates in CD8-depleted Pfp Ϫ/Ϫ and CD8-depleted B6 mice were very similar, and infectious virus was not detected in either group by day 9 after inoculation. Again, this slight difference in virus titers on day 8 between these two groups may reflect either a limited efficiency of plaque formation on Vero cell monolayers or an inherent variation in virus clearance among individual animals and is most likely not biologically significant. In the dorsal root ganglia, infectious virus was undetectable in B6 mice on day 9, while mean virus titers in both 
FIG. 6. CD4
ϩ T-cell-mediated clearance of HSV-1 from the genital tract, sensory ganglia, and spinal cord. B6 mice, CD8-depleted B6 mice, and CD8
Ϫ/Ϫ mice were inoculated i.vag. with HSV-1. Mice were swabbed on the indicated days (A), and spinal cords (B) and dorsal root ganglia (C) were harvested on the indicated days for quantification of virus. Numbers above bars in panels B and C represent the number of samples with infectious virus out of the total number of samples. SEM, standard error of the mean; Avg, average.
CD8-depleted B6 mice and CD8-depleted Pfp
Ϫ/Ϫ mice dropped by nearly a log between days 7 and 9 (Fig. 7C ). In the spinal cord, the B6 and CD8-depleted Pfp Ϫ/Ϫ mice were able to clear virus by day 9 postinfection, while all but a single CD8-depleted B6 animal (1 of 10) cleared virus by day 9 (Fig.  7B) . The infection was apparently well controlled in dorsal root ganglia and spinal cords as virus spread to the hindbrain was detected in only a single CD8-depleted B6 animal (Fig. 7D) .
The involvement of the FasL-mediated lytic pathway was examined by comparing the incidence of infection and virus resolution of CD8-depleted B6 and CD8-depleted FasL-defective (B6-gld) mice. Both B6 and B6-gld mice cleared virus from the genital tract, although titers were significantly higher on days 2, 4, and 6 in B6-gld mice (Fig. 8A) . Mean virus titers detected in the dorsal root ganglia dropped between days 7 and 9 in both B6 and B6-gld mice (Fig. 8C) . The mean HSV-1 titer was much higher in B6-gld mice on day 7 but fell significantly on day 9 (P Ͻ 0.05), and infectious virus was detected in fewer mice on day 9 (9/10 on day 7 compared to 5/9 on day 9). Infectious virus was also cleared from the spinal cords of both mouse strains, and infectious virus was detected in only a single CD8-depleted B6-gld mouse on day 9 (Fig. 8C) . Again, no virus spread to the hindbrain was detected in either mouse strain on day 9 (Fig. 8D) .
Studies of perforin-and FasL-mediated mechanisms of clearance of infectious HSV-1 were extended by constructing perforin/Fas irradiation chimeras. CD4 ϩ T cells isolated from wild-type B6 (perforin positive), perforin-deficient (Pfp Ϫ/Ϫ ), or, as a control, OT-II (OVA specific) mice were adoptively transferred into groups of irradiated B6 (Fas positive) or Fasdeficient (B6-lpr) mice. This resulted in mice that had both functional perforin and Fas pathways (Pfp ϩ Fas ϩ ), mice that had neither perforin nor Fas pathways (Pfp Ϫ Fas Ϫ ), and mice that had both pathways but whose T cells were unable to recognize the virus (OT-II negative control). Mice were sacrificed on days 7 and 9 after i.vag. challenge with HSV-1, and spinal cords, dorsal root ganglia, and hindbrains were harvested for quantification of infectious virus. Virus titers were similar in the sensory ganglia of Pfp Ϫ Fas Ϫ , Pfp ϩ Fas ϩ , and OT-II mice on day 7. However, virus titers in the Pfp Ϫ Fas Ϫ mice were significantly lower than in controls on day 9 (P Ͻ 0.05) (Fig. 9C) . HSV-1 titers fell in Pfp Ϫ Fas Ϫ and Pfp ϩ Fas ϩ mice and were significantly lower than in OT-II controls on day 9 (P Ͻ 0.01). The incidence of samples containing infectious virus also fell on day 9 in these groups. While the virus infection was not controlled and spread to the hindbrain in OT-II control mice, infectious virus was detected in the hindbrain of only a single Pfp ϩ Fas ϩ mouse on day 9 (Fig. 9D) .
DISCUSSION
Cell-mediated immunity is important for controlling HSV infection, and previous studies have demonstrated the importance of CD8 ϩ cytolytic T lymphocytes (CTLs) in the clearance of HSV-2 from the genital epithelium of experimental animals (11, 47) and humans (28, 48) . Kuklin interferes with the loading of MHC-I molecules with peptides (3, 62) . Further, while CD8 ϩ T cells are classically thought to be the cell type responsible for cytolytic effects, there is evidence that cytolytic mechanisms may also be employed by CD4 ϩ T cells in control of various viral infections, including human immunodeficiency virus and hepatitis C (1, 2). An important role for cytolytic CD4 ϩ T cells in infections with HSV has also been suggested (12, 28, 42) . Further, HSV-specific CD4 ϩ T cells have been isolated from HSV lesions of humans (26, 28) and the genital epithelium of mice (40) , suggesting that they play a role in the clearance of HSV from the genital tract.
HSV is also a neural pathogen, and its replication in immune-competent individuals following primary infection is normally controlled. Simmons and Tscharke presented evidence for CD8 ϩ T-cell-mediated clearance of HSV-1 from thoracic dorsal root ganglia in the murine zosteriform model as mice selectively depleted of CD8 ϩ T cells demonstrated increased neuronal destruction and virus spread (54) . In the present study, the increased presence of activated, HSV-specific CD4 ϩ T cells in the spinal cords and dorsal root ganglia of mice in primary HSV-1 infection is clearly demonstrated (Fig.  2, 3, and 4) . CD4 ϩ CD25 ϩ T-regulatory cells have previously been shown to be important participants in the T-cell response to HSV (60) . While the CD4 ϩ CD25 ϩ T cells noted in the spinal cords and dorsal root ganglia of HSV-1-infected mice in the present study could include some T-regulatory cells, the results of this study demonstrate CD4
ϩ effector T-cell activity (Fig. 4) . Further, CD4
ϩ T cells were sufficient for clearance of infectious HSV-1 from the genital tract, as well as possessing the ability to clear infectious virus from the spinal cords and dorsal root ganglia of these mice (Fig. 6 ). Our data align with one study of ocular HSV-1 infection, in which clearance of infectious HSV-1 from the trigeminal ganglia was apparently achieved by either the CD4 ϩ or the CD8 ϩ T-cell population (16) . Although either subset appears sufficient for clearance of infectious HSV, it is important to emphasize that both the CD4 ϩ and the CD8 ϩ T-cell populations are likely to function in clearance in an intact animal. The results from the present study are consistent with this idea in that although CD8-depleted B6 mice cleared virus from sensory ganglia, they did so more slowly than B6 mice containing both CD4 ϩ and CD8 ϩ T-cell subsets (Fig. 6) . It is important to note that the ability to detect virus clearance in these studies was limited by the efficiency of plaque formation on Vero cell monolayers. Although some virus may have been present in genital or neural samples beneath our level of detection, the use of this assay nonetheless allowed a quantification of infectious virus for comparison among groups in the context of the inherent limitations of the sensitivity of the assay. In the genital model of HSV-2 infection, the requirement for either perforin or Fas/FasL cytolytic mechanisms in CD8 ϩ T-cell-mediated clearance from the genital epithelium has been previously demonstrated (11) . Perforin is important for CTL-mediated defense against invading pathogens and is thought to have a role in homeostasis, as suggested by the fatal disregulation of the immune system associated with a homozygous deficiency in perforin (36) . CTLs can also initiate cell (17) . In several other viral diseases affecting the central nervous system (CNS), including lymphocytic choriomeningitits, Theiler's, and West Nile viruses, the absence of perforin or Fas/FasL pathways has been correlated with loss of control of the virus and persistence of the virus in the CNS (21, 44, 51, 53) . Granule exocytosis is thought to be the main cytotoxic pathway utilized by HSV-specific CTLs. Evidence for the importance of these mechanisms is bolstered by the fact that HSV encodes genes that prevent cytolysis via the Fas/FasL pathway as well as the function of granzyme B (19, 69) .
In studies of latently HSV-1-infected human and murine trigeminal ganglia, it was noted that virus-specific CD8 ϩ T cells interacting with the neurons appeared to be capable of cytolysis as they expressed granzyme B and perforin, though the amount of neuronal damage in these tissues was reported as "limited" (59, 65) . In the current study, CD4
ϩ T cells within the HSV-1-infected spinal cord and sensory ganglia expressed granzyme B and thus appeared to possess the components necessary for a lytic T cell (Fig. 5) . However, through two different experimental designs (specific antibody depletion and radiation chimeras), neither perforin nor Fas-FasL interactions were an absolute requirement for the CD4 ϩ T-cell-mediated clearance of infectious HSV-1 from neural tissues (Fig.  7, 8, and 9 ). These data do not exclude some role for perforin or Fas-FasL interactions as complete clearance of infectious HSV-1 was not always seen in all animals tested.
In addition to Fas-FasL interactions and granule exocytosis, a CTL can initiate death in a target cell via the release of TNF-␣. The release of TNF-␣ results in the production of caspase-8 and initiation of a caspase cascade that involves the recruitment of TNF receptor 1 (TNF-R1) (a death receptor) and Fas, thus leading to apoptosis of the target cell (25) . Thus, in considering the elimination of infectious HSV from neural tissues, TNF-␣-mediated apoptosis may prove important. Lundberg et al. previously reported an important role for p55 (TNF-R1) in limiting HSV-1 replication in the eye, ganglia, and brainstem (35) . However, an increase in the concentration of TNF-␣ may result in pathology from destruction of neural tissues in neurodegenerative disorders as well as in response to pathogens (25) . Interestingly, in the present study utilizing the genital model of HSV-1 infection in mice, a definitive role for TNF-␣ in controlling HSV-1 replication in the genital tract, spinal cord, or sensory ganglia using TNF-R1-deficient mice was not demonstrated (data not shown). This is consistent with the observation that relatively few TNF-␣-secreting CD4 ϩ T cells infiltrated the HSV-infected dorsal root ganglia and spinal cords in our experiments (Fig. 4) .
One noncytolytic mechanism that may be employed by HSVspecific T cells to control virus replication in neural tissues is the release of the cytokine IFN-␥. It has been shown that CD8 ϩ T cells can control HSV infection in neural tissues, as well as prevent reactivation, an effect that may be due to the production and action of IFN-␥ (8, 19) . IFN-␥ directly inhibits virus replication, can upregulate MHC-I and MHC-II expression, and could potentially be involved in recruitment of additional immune cells, such as macrophages, to the site of infection (62) . Evidence for IFN-␥-mediated clearance of infectious HSV from neural tissues was previously reported in a study by Lewandowski et al., in which a 10-fold increase in intracerebral IFN-␥ correlated with a 5,000-fold increase in the 50% lethal dose, as well as a rapid decrease in HSV titer in neural tissues (30) . Thus, the CD4 ϩ T cells found in the HSV-1-infected neural tissues in our experiments may employ IFN-␥ in clearance of infectious virus. This is an attractive idea in that a nonlytic mechanism may be preferable in neural tissues that cannot be regenerated. In the trigeminal ganglia, the inflammatory cell infiltrate has been shown to consist largely of CD8 ϩ T cells and a relatively small number of CD4 ϩ T cells, accompanied by both Th1 and Th2 cytokines but in the absence of neuronal destruction (32, 61) . Liu et al. hypothesize that the IFN-␥ and TNF-␣ produced in the infected trigeminal ganglia function to control virus replication while the IL-4 and IL-10 found in these tissues limit the infiltration of polymorphonuclear leukocytes and thus destruction of neural tissues (32) . This hypothesis is intriguing and is consistent with the IFN-␥-and IL-4-producing CD4 ϩ T cells detected in neural tissues in the current experiments (Fig. 4D) . The large number of IL-4-producing cells detected in HSV-infected neural tissues is somewhat surprising as HSV induces a dominant Th1-type response in the draining lymph nodes (40) In the present study, the long-term presence of HSV-specific CD4 ϩ T cells in spinal cord and dorsal root ganglia of mice following HSV-1 inoculation was demonstrated (Fig. 4) . It has been previously shown that HSV-specific CD8 ϩ T cells are retained in HSV-infected trigeminal ganglia (33) . It has been proposed that the presence of T cells in these neural sites may limit the spread of the virus to additional uninfected neurons, reduce the number of reactivation events, secrete neurotrophic factors, or simply be an effect of repeated reactivation events (18) . The mechanism by which these adaptive immune cells are maintained in neural tissues remains to be defined. In murine trigeminal ganglia infected with HSV-1, it has been shown that rare neurons (approximately one neuron every 10 days) within the latently infected ganglia do express productive cycle genes and that these rare neurons appear to be responsible for a local immune response involving the infiltration of inflammatory cells (14) . Thus, the maintenance of a T-cell population within HSV-infected neural tissues, as was seen in the current study, may be in response to sporadic translation of viral message during "latent" infection.
Candidate vaccines against HSV have not been completely protective in all groups, suggesting that new strategies should be pursued. In designing an effective vaccine against HSV, it may be useful to examine and consider the various responses of the immune system to natural infection. Our data illustrate the important role of CD4 ϩ T cells in clearance of infectious virus from the genital tract, dorsal root ganglia, and spinal cord during primary infection. In addition to playing an effector role in clearance of HSV from genital and neural sites, CD4 ϩ T cells may also support maintenance, activation, and expansion of other adaptive immune cells at peripheral sites as has been shown in other viral infection models. CD4
ϩ T cells in association with either CD8 ϩ T cells or B cells are required for rapid clearance of measles virus from the CNS (63) . A role for CD4 ϩ T cells in supporting protective antibody within the CNS has been shown in studies of West Nile virus (55) . In studies of infection with Sindbis virus and mouse hepatitis virus, antibody has been shown to be critical for the prevention of virus reactivation within the CNS (7, 49) . In our HSV model, we noted greatly diminished HSV-specific B-cell and CD8
ϩ T-cell responses following inoculation of CD4 ϩ T-cell-depleted mice (data not shown). CD4 ϩ T cells are also known to support activation of sensory ganglia-resident, memory CD8 ϩ T cells (66) . Such CD4 ϩ T-cell responses at neural sites of HSV infection might therefore be beneficial to the immunized individual by limiting HSV infection of the sensory ganglia. This, in turn, might result in limitation in the amount of virus establishing latency and reduction in recurrent lesions at the original site of infection, thus impacting the transmission of virus to new hosts, including neonates. The results of the present study demonstrate that HSV-specific CD4 ϩ T cells are recruited to HSV-infected sensory ganglia, where they are maintained long after viral infection, along with HSV-specific CD8 ϩ T cells (32) and plasma cells (43) . Our findings further demonstrate an important role for these CD4 ϩ T cells in protection of the sensory ganglia and spinal cord and suggest that an effective HSV vaccine may need to elicit immune responses at both the site of epithelial infection and in the neural tissues.
